SUMMARY: Central to the paradigm of the pathogenesis of Mycobacterium tuberculosis is its ability to attach to, enter, and subsequently survive in host macrophages. However, little is known regarding the bacterial adhesins and invasins involved in this interaction with host macrophages. Pili are cell-surface structures produced by certain bacteria and have been implicated in adhesion to and invasion of phagocytes in several species. M. tuberculosis pili (MTP) are encoded by the Rv3312A (mtp) gene. In the present study, we assessed the ability of a Dmtp mutant and an mtp-complemented clinical strain to adhere to and invade THP-1 macrophages in comparison with the parental strain by determining colonyforming units. Both adhesion to and invasion of macrophages, although not reaching significance, were markedly reduced by 42.16z (P ＝ 0.107) and 69.02z (P ＝ 0.052), respectively, in the pili-deficient Dmtp mutant as compared with the wild-type. The pili-overexpressing complemented strain showed significantly higher levels of THP-1 macrophage adhesion (P ＝ 0.000) and invasion (P ＝ 0.040) than the mutant. We, thus, identified a novel adhesin and invasin of M. tuberculosis involved in adhesion to and invasion of macrophages.
The emergence of extensive and total drug-resistant strains of Mycobacterium tuberculosis has escalated global tuberculosis (TB) burdens, particularly in African and Asian countries (1) . The dearth of effective treatment options and rapid diagnostic tools has created an urgent need to identify host-and pathogen-specific biomarkers. New knowledge on the basic physiology and the pathogenesis of this pathogen would identify novel targets for therapeutic intervention and vaccine development to combat the disease.
Essential to the pathogenesis of M. tuberculosis is its ability to attach to and enter macrophages and other host cell types to resist killing and to replicate in these intracellular sites (2) . Host tissue colonization is usually mediated by adhesins present on the microbial surface that recognize and bind to receptors on specific host cells (3) . Even though the several receptors used by the pathogen to enter macrophages are known, little information has been reported on the bacterial adhesins involved in this process. The only definitive adhesin of M. tuberculosis is the heparin-binding hemagglutinin adhesin (HBHA). HBHA is a surface-exposed protein that mediates the interaction of M. tuberculosis with the host, acting as an adhesin for epithelial cells but not phagocytes (4, 5) . HBHA has been implicated in the process of extrapulmonary dissemination of M. tuberculosis (5), which is essential to the development of active TB (6).
Pili, found in several pathogenic bacteria, represent a potential virulence-associated adhesin. These are nonflagellar protein surface structures involved in bacterial aggregation, host cell interaction, and adherence to environmental surfaces (7, 8) . Although it was previously assumed that mycobacteria did not produce pili, Alteri et al. (9) provided compelling evidence for the existence of M. tuberculosis pili (MTP). M. tuberculosis pilin subunits are encoded by an open reading frame designated as Rv3312A (mtp) (9) . Gene knockout and complementation confirmed the essentiality of the mtp gene for piliation (10) .
MTP binds to laminin, a protein known to be present in the extracellular matrix, in vitro. This implies that they serve as an adherence factor, which is crucial in mediating a close interaction and colonization with host cells (9) . Their role as an adherence factor has been further substantiated by their involvement in bacterial aggregation and biofilm formation (10) .
The potential of MTP as a macrophage-associated adhesin and invasin of M. tuberculosis was investigated in the present study. M. tuberculosis V9124, a drugsusceptible clinical strain of the F15/LAM4/KZN family, was used to construct a Dmtp::gdsacBhyggd (Dmtp) mutant and mtp-complemented strains (10) . Aliquots of these bacterial strains were propagated in Middlebrook 7H9 medium (Difco, Detroit, MI, USA) supplemented with 10z (v/v) oleic acid-albumin-dextrose-catalase enrichment (Becton Dickinson, Sparks, MD, USA), 0.5z (v/v) glycerol (Sigma, St. Louis, MO, USA), and 0.05z (v/v) Tween 80 (Sigma) and incubated with shaking (100 rpm) at 379 C for 7-8 days. The Dmtp mutant and complemented strains were cultured in the presence of 150 mg/ml hygromycin (Roche Applied Sciences, Mannheim, Germany) and 30 mg/ml kanamycin (Sigma), respectively. The THP-1 monocytic cell line (ATCC TIB-202) was grown in RPMI 1640 with 2 mM L-glutamine medium (Lonza, Rockland, ME, USA) supplemented with 10z (v/v) fetal bovine serum (Biowest, Kansas City, MO, USA). Twenty-four well plates (NEST Biotechnology, Shanghai, China) were seeded with 5 × 10 5 cells. THP-1 cells were differentiated into a macrophage-like phenotype with 20 ng/ml phorbol myristate acetate (PMA) (Sigma) for 1 day at 379 C in 5z CO 2 . Wells were washed twice with 1 ml phosphate-buffered saline (PBS) (Oxoid, Hampshire, UK) to remove residual nonadherent THP-1 cells and PMA, followed by the addition of 1 ml fresh medium. The cell line was used between passages 2 and 3.
Log phase bacterial cultures were pelleted at 2,000 × g for 20 min (Heraeus Multifuge 3S-R Centrifuge; Thermo Scientific, Ulm, Germany) and resuspended in fresh tissue culture media. Macrophages were infected in triplicate with the bacterial strains at a multiplicity of infection of 5, and the plates incubated at 379 C in a 5z CO 2 atmosphere for the desired time intervals. Serial dilutions of the bacterial suspensions were plated in triplicate onto 7H11 agar plates to determine the accurate bacterial count. Uninfected macrophage controls were included in the assays.
Culture media were removed at the end of 1 h for the adhesion assay and 2 h for the invasion assay. This was followed by treatment with amikacin (300 mg/ml; Sigma) for 1 h at 379 C in 5z CO 2 for the invasion assay. Killing of extracellular bacteria was confirmed by plating media onto 7H11 plates. For both assays, macrophages were then washed thrice with 1 ml PBS. One milliliter 0.1z Triton X-100 (Sigma) was added to each of the wells for 20 min to lyse the adherent macrophages. The lysed macrophages were serially diluted in 7H9 broth, plated in triplicate onto 7H11 agar plates, and incubated at 379 C for 3 weeks to determine the number of adherent or invaded bacteria.
The degree of adhesion or invasion was expressed as a percentage and calculated as follows: (colony-forming units [CFU] of the attached or invaded bacteria/CFU of the added bacteria) × 100. The relative percentage of adhesion to or invasion of the mutant and complemented strains was subsequently determined as follows: (z adhesion to or invasion of the mutant or complemented strain/z adhesion to or invasion of the wild-type) × 100. Experiments were performed in triplicate at 3 independent times. Data were analyzed by one-way analysis of variance. Statistical analysis was performed using SPSS 21.0 statistical software. A P-value less than 0.05 was considered significant. The adherence of the mutant strain to THP-1 macrophages was reduced by 42.16z as compared with the wild-type (P ＝ 0.107) (Fig. 1A) . Furthermore, the invasion of macrophages by the mutant was also reduced by 69.02z (P ＝ 0.052) (Fig. 1B) . Although there was a reduction in adhesion and invasion by the mutant, this did not reach statistical significance. We postulate that this may be attributed to the multiple pathways of adhesion and invasion, such as those brought about by the involvement of other potential adhesins of M. tuberculosis, including a laminin-binding protein (11) , malate synthase (12), 19-kDa lipoprotein antigen (13), glycoprotein Apa (14), Cpn60.2 molecular chaperone (15) , and so forth.
The mutant was complemented by the introduction of the pMV261 vector with an mtp insert (10). This resulted in a 51-fold increase in mtp gene expression and pilioverexpression as compared with the wild-type (10), which restored adhesion to (P ＝ 0.000) (Fig. 1A ) and invasion (P ＝ 0.040) (Fig. 1B) of macrophages. The increased piliation in the complemented strain resulted in increased adhesion (P ＝ 0.012) but similar invasion levels (P ＝ 1.000) in comparison with the wild-type. Adherence to THP-1 macrophages is, therefore, dependent on the density of piliation, as shown by the MTPoverexpressing complemented strain.
Taken (20), we did not determine bacterial intracellular survival within macrophages in this study. Indeed, the differences seen in invasion levels between the MTPdeficient and -proficient strains would contribute indirectly to the surviving population. In summary, the present study provides significant insight into a novel bacterial factor involved in the complex interplay between M. tuberculosis and macrophages. This role, in a key aspect of TB pathogenesis, further motivates their potential as targets for the development of anti-TB strategies. Further work to determine whether MTP plays a similar role in other host cell types and in mycobacterial infection in vivo is warranted.
